A number of studies have implicated the cellular homologs (proto-oncogenes) of retroviral oncogenes in the control of cell proliferation and differentiation. The proto-oncogenes c-fos, c-myc, and c-myb, which encode nuclear proteins, are induced after the addition of serum to quiescent cells (10, 11, 12, 17) . Although the biological functions of these proteins are not known, c-fos expression is the earliest known transcriptional response to mitogenic stimulation (10, 17) . The protein product of the c-ras proto-oncogene (p2lras, which is associated with the plasma membrane) is required for progression through the cell cycle (16) . Recent evidence suggests that p2lras may be involved in a mitogenic signal transduction mechanism involving other proto-oncogenes, such as those related to growth factors and their receptors (22) .
The c-fos gene is expressed at relatively low levels in the majority of cell types, including fibroblasts. However, treatment of fibroblasts with polypeptide growth factors and other agents leads to a dramatic but transient induction (10, 12, 17) . In serum-deprived fibroblasts, activation of c-fos transcription occurs within 5 min of adding serum or growth factors, such as platelet-derived growth factor (10) . Subsequently, there is an accumulation of mature mRNA which reaches peak levels at 30 to 45 min poststimulation (17) . The c-fos protein is also synthesized soon after stimulation with serum (12, 17) . Maximal nuclear fluorescence with a fosspecific antibody is detected at 1 to 2 h postinduction, is reduced at about 4 h, and is undetectable at 20 h (17). The c-fos protein is normally transported to the nucleus and extensively modified within 15 min (3, 15, 17) . Similar profiles of c-fos induction have been obtained after stimulation of cells with many different mitogenic agents (2) . Since microinjection of p21ras induces DNA synthesis in mouse NIH 3T3 cells (23), we wished to determine whether introduction of p2lras would also activate c-fos expression.
The c-ras genes can be converted to transforming oncogenes by a single point mutation (19, 20, 24) . The resulting protein is able to induce morphological transformation and entry into the cell cycle when introduced into NIH 3T3 cells by microinjection (8, 23) . These effects, however, require at least 12 h. Furthermore, the requirement for p21ras is known to occur late in mitogenic stimulation, just before the initiation of DNA synthesis (16) . In this study, we provide evidence to demonstrate a relationship between the activity of p2lras and the induction of c-fos expression. This observation indicates that p2lras might function during the early stage as well as the late stages of mitogenic stimulation.
Previously, it was shown that p2lras purified from Escherichia coli is biologically active after microinjection into cultured cells. Recipient NIH 3T3 cells become morphologically transformed for at least 24 h after p21ras injection and are induced to initiate a cycle of DNA synthesis in the absence of added growth factors (23) . In this study, p2lras was prepared from bacterial cells expressing the BALB murine sarcoma virus Ha-ras gene as well as those expressing the normal cellular Ha-ras homolog (14) . These proteins, prepared in soluble form in the absence of other contaminating or solubilizing proteins (3.0 mg/ml), were microinjected into the cytoplasm of NIH 3T3 cells which had been rendered quiescent by culturing in 0.5% calf serum for 24 h. At various times after injection, the cells were fixed and stained for c-fos protein by using afos-specific peptide antibody (5) .
The c-fos protein began to accumulate within the nuclei of ras-injected cells between 1 and 2 h after injection. Similar results were obtained when c-fos induction was assayed by using fos-specific tumor-bearing rat antiserum (4) (data not shown). By comparison, calf serum treatment routinely induces fos protein accumulation within 1 h after addition (17) . The brief delay observed after ras injection in comparison with that of serum induction might result from the time required for modification of the bacterial protein. In addition to the rapid induction of c-fos expression, viral p2lras was also observed to produce high levels of c-fos protein accumulation, which persisted for at least 22 h after injection. In Fig. 1 , a comparison has been made between the expression of c-fos 3 h after serum addition and that which occurred 4, 10, and 22 h after viral p2lras injection. The p21ras-injected cells were maintained in 0.5% serum-containing medium after injection. In all cases, the injected protein resulted in levels of c-fos protein expression at least as great as those resulting from serum addition. This was the case even when cells injected with p2lras 22 h previously were compared On the basis of these p21ras injection experiments, it was clear that a connection existed between ras activity within the cell and c-fos production. It was therefore possible that c-ras proteins played a role in the normal induction of c-fos accumulation after serum stimulation. To test this possibility, a monoclonal antibody known to neutralize p2lras activity was used. Previous studies have established the neutralizing potential and specificity of action of the antibody Y13-259, originally prepared by Furth et al. (9) . For example, the injected antibody has been shown to neutralize the activity of purified coinjected p2lras and to abolish the transformed phenotype of ras-transformed cells (13) . This antibody inhibits the initiation of the S-phase in NIH 3T3 cells unless a viral ras gene mutant has been previously introduced into the cells which do not bind the antibody (18) .
To analyze the participation of cellular ras in the serum induction of c-fos, three types of quiescent 3T3 cells received an injection of antibody 259 or non-neutralizing control antibody 238. Serum (20%) was added to the injected FIG. 1 . Induction of c-fos protein by viral p2lras protein at various times after injection. NIH 3T3 cells were cultured for 24 h in 0.5% calf serum-containing medium. Serum (20%) was added to the culture (A) 3 h before fixation and stained with an affinity-purified antibody against fos protein. Viral p2lras protein (3.0 mg/ml) was prepared as described previously (14) and microinjected into cells which were fixed at 4 h (B), 10 h (C), or with cells stained soon after serum addition, when c-fos protein accumulation was near its peak.
To establish the specificity of p2lras induction of c-fos accumulation, the activity of viral p2lras was compared with that of bacterially expressed cellular p2lras. In several separate injection experiments, viral and cellular p2lras at 3.0 and 0.3 mg/ml were injected into NIH, Swiss, or BALB 3T3 cells. Injected cells were fixed and stained for c-fos protein after 10 to 18 h. In all cases, the greatest accumulation of c-fos was associated with the higher concentrations of the transforming viral protein. The higher concentration (3.0 mglml) of cellular p2lras led to c-fos accumulation in some cases, but the levels observed were no greater than those produced by injection of 1/10 the concentration (0.3 mg/ml) of viral p21as (Fig. 2) . This result is entirely consistent with the activities of the two forms of the protein in inducing cellular transformation and entry into the cell cycle (23) . Cellular p21as is known to induce both effects, but only at high concentrations relative to that required by transforming viral p21as (23) . The induction of c-fos by p2lras, therefore, injections. Serum-deprived NIH 3T3 cells received injection of viral p2lras at 3.0 mg/ml (A) or 0.3 mg/ml (B) or received injections of cellular p2lras at 3.0 mg/ml (C). At (Fig. 3) .
To eliminate the possibility that the physical process of microinjection had been inhibitory, cells received antibody injection but were not induced with serum until 18 h thereafter. The antibody is known to remain active in cells for this length of time (13) . Any adverse affect of microinjection, however, would have disappeared after several hours. Inhibition of c-fos protein accumulation was indistinguishable in cells injected just before or 18 h before serum addition, indicating that the inhibitions were not the result of physical damage to the cells during microinjection (data not shown).
These data indicate that c-ras proteins may play an important role in the induction of c-fos but leave uncertain what that role is. Inhibition offos protein accumulation after inoculation of p21ras antibody was often only partial. Thus, it is possible that the antibody was not able to completely inhibit c-ras activity and that the low level of ras activity in injected cells might then support a reduced rate of c-fos protein synthesis. However, c-fos expression can be induced in other cell types by multiple biochemical pathways, some of which may not require the c-ras function (3, 15) . The incomplete inhibition of c-fos accumulation by injected anti-ras antibody might, therefore, be due to the action of such a ras-independent pathway in 3T3 cells.
To assess a possible role for p2lras in the processes involved in c-fos induction, we examined the activation of c-fos expression in Ha-ras-transformed NIH 3T3 cells compared with that in nontransformed NIH 3T3 cells after serum stimulation. In both cell types, little or no c-fos protein was detected in cells maintained in either 0.5 or 10% serum (Fig.  4, lanes 1, 3, 5, and 7) . However, after the addition of 20% serum to serum-deprived cultures, a similar c-fos induction was obtained in normal and transformed cells (Fig. 4, lanes  2 and 6) . Only a very small increase in c-fos protein synthesis was observed after the addition of serum to cultures maintained in 10% serum (Fig. 4, lanes 4 and 8) . The c-fos protein was detected as a band of approximately 62 kilodaltons, which is the size of the highly modified fos protein that is synthesized after serum induction (2, 17) . Thus, continuous expression of the transforming ras protein did not maintain elevated levels of c-fos expression and did not affect c-fos induction by serum. Similarly, by using the immunofluorescence assay, the c-fos protein was only detected in rastransformed cells after serum induction. While it is clear that injected viral p2lras efficiently induced c-fos for an extended period of time, the labeling studies indicate that c-fos protein levels eventually returned to uninduced levels in cells persistently exposed to high levels of viral p2lras. Furthermore, while cellular p2lras appeared to play an important role in c-fos induction, constitutive high levels of viral p2lras did not inhibit a normal serum induction. These observations indicate that the control of c-fos expression involves a combination of rasdependent and ras-independent pathways. Long-term maintenance of c-fos expression depends upon factors independent of high levels of ras expression.
These results emphasize the importance of cellular p2lras in the control of proliferation. In addition to the known requirement for cellular p2lras late in the G1 phase of the cell cycle, this study suggests a role for cellular p2lras early in the Go phase. While there is no known substitute for p2lras activity late in the G1 phase of normal cells (16) , it appears that the function of p2lras in c-fos induction might also be performed by other biochemical pathways. In addition, this study extends the list of proto-oncogenes and viral oncogenes related to p2lras activity. Previous studies have shown that transformation by viral oncogenes related to a growth factor or membrane-bound growth factor receptors (6, 7, 21, 25) requires p2lras activity within the cell (16) . From these studies, it is apparent that p2lras activity is related to the induction of at least one member of the nuclear protooncogene family. This observation supports the idea that mitogenic stimulation is controlled by a series of interactions involving a group of genes which includes many of the known proto-oncogenes.
Recent results from Bar-Sagi and Feramisco (1) demonstrate rapid (within 30 min to 1 h) effects of p21as on membrane ruffling and pinocytosis in injected cells. In the case of the transforming ras protein, these effects persist for more than 15 h, which is similar to the induction time of the c-fos protein. When these observations and the results of this study are considered, it appears that p2lras can activate cellular processes which lead to rapid alterations in cell surface activities and to the generation of a second messenger that ultimately acts within the nucleus to promote changes in gene expression.
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